Abstract: Polyunsaturated fatty acids (PUFAs) possess anti-cancer action both in vitro and in vivo. In the present study, we detected cell viability with methyl thiazolyl tetrazolium (MTT) assay and cell membrane permeability with propidium iodide (PI) fluorescence dyeing, and calculated cell membrane fluidity change as fluorescence anisotropy. Fatty acid content in cells was measured by gas chromatography/mass spectroscopy (GC/MS), and the relationship between fatty acid composition and cell viability was studied. We observed that n-6 PUFA linoleic acid (LA) inhibited tumor cell growth at high concentrations (≥300 µmol/L), while low concentrations (100-200 µmol/L) seemed to promote cell proliferation. Analyses of cell membrane permeability, cell membrane fluidity, and cell fatty acid composition suggested that the anti-cancer action of LA could be related to changes in the ratio of n-6 to n-3 PUFAs. We observed that pre-incubation of cancer cells with 100 µmol/L LA for 24 h enhanced cell sensitivity to the cytotoxic action of LA, whereas undifferentiated cell line LoVo seemed to have a distinct path in LA-induced death. These results showed that one of the mechanisms by which supplementation of LA induces cancer cell death could be altering the ratio of n-6/n-3 PUFAs, and this may be related to cell differentiation status.
Introduction
Linoleic acid (LA, 18 :2) and α-linolenic acid (ALA, 18: 3), as essential fatty acids (EFAs), form precursors to their long chain metabolites, namely γ-linolenic acid (GLA, 18: 3), dihomo-GLA (DGLA, 20:3) and arachidonic acid (AA, 20:4) , and eicosapentaenoic acid (EPA, 20:5) and docosahexaenoic acid (DHA, 22:6) , respectively. Polyunsaturated fatty acids (PUFAs), such as GLA, DGLA, AA, EPA, and DHA, can bring about the action of EFAs, and hence are also called functional EFAs. Our previous studies showed that, under some specific conditions, PUFAs can induce tumor cell death, though the sensitivity of various cancer cell lines to different fatty acids was found to be variable, depending on the type of cancer cells tested and the type and concentration of the fatty acids used (Bégin et al., 1985; 1986a; 1986b; Das, 1991) .
We observed that of all the fatty acids tested, GLA, AA, EPA, and DHA were the most effective in injuring tumor cells. LA and ALA were also effective, but at much higher concentrations compared with other PUFAs (Bégin et al., 1985; 1986a; 1986b; Das, 1991) . In general, it is believed that n-6 fatty acids are unhelpful in cancer prevention and therapy, whereas n-3 fatty acids are beneficial. This is because n-6 forms precursors of several pro-inflammatory eicosanoids, whereas products formed from n-3 are much less pro-inflammatory (Das, 2006a; 2006b; Funahashi et al., 2008) . When n-6 and n-3 fatty acids were tested for their effects on cancer cells, it was found that n-3 PUFAs were much more effective in inhibiting cancer cell growth compared with n-6 PUFAs (Ip, 1993; Klurfeld and Bull, 1997; Kumar and Das, 1997; Chapkin et al., 2008) .
However, in most studies, even in some in vivo experiments, the researchers compared the functions of n-3 PUFAs and n-6 PUFAs in fatty acid metabolism by treating the cells or animals with the same concentration of fatty acids, without consideration of the normal cell or the fatty acid ratio of the body (Berquin et al., 2007; Hammamieh et al., 2007) . Actually, n-6 PUFAs accounted for 35% of the fatty acid composition, and n-3 PUFAs accounted for only 5% in serum (Conquer et al., 1999) , suggesting that the n-6 PUFAs were almost seven times as prevalent as n-3 PUFAs. Meanwhile, in most studies, PUFA was considered as a kind of drug, and not nutrition from food. Thus, a comparison was made between the PUFAs-treated groups with no-PUFAs-cultured groups, without regard to daily PUFA intake and to differences in dietary pattern.
Previously, we observed that the action of LA on cancer cell growth depends on the type of cancer cells tested and the concentration of the fatty acids supplemented. It was noted that, when cancer cells were exposed to LA at high concentrations (40 μg/ml, 1×10 4 cells), the growth was inhibited, whereas at lower concentrations (5-10 μg/ml, 1×10 4 cells), the growth was enhanced in some, if not all, types of cancer cells tested (Das et al., 2002) . In order to clarify the role of LA in the promotion or inhibition of the growth of cancer cells in vitro, we evaluated the effect of the fatty acid on three cell lines: two colorectal cancer cell lines, LoVo (undifferentiated) and Rko (semi-differentiated), and one normal cell line, human umbilical vein endothelial cells (HUVEC). Moreover, in order to illustrate the dietary effect on the LA sensitivity, we also performed pre-treatment with or without LA to determine whether the initial saturation of cancer cells with LA affects their survival.
Materials and methods

Materials
LA was obtained from Sigma (St. Louis, MO, USA). The colorectal cancer cell lines, LoVo and Rko, and normal cell line HUVEC were obtained from Shanghai Institute of Cell Biology, Chinese Academy of Sciences. RPMI-1640 medium and high-glucose Dulbecco's modified Eagle medium (DMEM) nutrient mixture medium were purchased from GIBCO (Grand Island, NY, USA). All other chemicals were of extra-pure grade or analytical grade.
Cell culture and treatment
Colorectal cancer cell lines and human normal cell line were cultured in RPMI-1640 medium and high-glucose DMEM nutrient mixture medium, respectively, supplemented with 10% (v/v) fetal bovine serum and 100 U/ml penicillin-streptomycin in a 5% CO 2 humidified incubator (Shellab, USA) at 37 °C.
LA was dissolved in 0.1 mol/L NaOH and diluted to give a final concentration of 20 mmol/L. Then the final concentration of NaOH in the fatty acid solution was ≤0.005 mol/L. Stock solutions were filter-sterilized and diluted with cell culture media for use (Shen et al., 2007) .
Both the cancer cells and HUVEC were treated with LA in two different ways: (1) In the first group, the cells were cultured in the medium alone for 24 h prior to treatment with different doses of LA; (2) In the second group, the cells were pre-incubated with medium containing 100 µmol/L LA for 24 h, followed by treatment with different doses of LA as was done in the first group.
Cell growth and viability assay
Cell proliferation was assessed using methyl thiazolyl tetrazolium (MTT) assay. At different time intervals after incubation with LA, the number of viable cells grown in a 96-well plate was estimated by adding 20 µl of MTT solution (5 mg/ml in phosphate buffered saline (PBS)). After 4 h of incubation at 37 °C, the stain was diluted with 150 ml of dimethyl sulphoxide (DMSO). The absorbance in each well was then measured with a microplate reader (Thermal Lab System, Finland) at 492 nm, and viability of cells in each well was presented as percentage of the control (Shen et al., 2007) .
Measurement of cell membrane permeability
Cells (about 1×10 6 cells/ml) were collected by centrifugation at 1500×g for 5 min after treatment, and resuspended in 200 μl PBS. Then 100 ng propidium iodide (PI) was added. Upon incubation in the dark (15 min at room temperature or 30 min at 4 °C), the samples were washed with 300 μl PBS twice. The cells were then resuspended in 200 μl PBS for analysis. Fluorescence intensity was carried out on a multifunctional microplate reader (SpectraMax M5, Molecular Devices, USA), and the corresponding fluorescence intensity was calculated as F sample /F CK , where F sample and F CK are the intensities of the sample and control, respectively (Zhen et al., 2009 ).
Measurement of cell membrane fluidity
Treated cells were collected and resuspended at a final protein concentration of 0.75 mg/ml in PBS (detected and corrected with Bradford protein analysis kit, Sangon, Shanghai, China). Samples were incubated with 1,6-diphenyl-1,3,5-hexatriene (DPH) for 15 min in the dark at room temperature to allow complete incorporation of the probe into the membranes. Fluorescence measurements were performed on a fluorescence spectrophotometer (HITACHI F-4600, Hitachi Co., Ltd., Japan). The excitation and emission wavelengths for DPH were selected with monochromators set to 360 and 450 nm (both 5 nm slit width), respectively. The degree of fluorescence anisotropy (r) was calculated as follows: r=(I vv − G·I vh )/(I vv +2·G·I vh ), where I vv and I vh are the intensities measured with the polarization plane parallel and perpendicular to that of excitation beam, respectively. G is a factor used to correct the instrument's polarization, which is given by the ratio of vertically to horizontally polarized emission components, when the excitation light is polarized in the horizontal direction (Labieniec et al., 2009 ).
Measurement of fatty acid content of the cells by gas chromatography/mass spectroscopy (GC/MS)
Cells (about 1×10
7 cells/ml) were collected by centrifugation at 1500×g for 5 min at the end of incubation period for fatty acid analysis. The collected cells were extracted with 1 ml of 5% (w/v) hydrochloric acid/methanol and reacted for 3 h at 100 °C under the sealed case. At the end of the reaction, 1 ml double-distilled water was added and mixed well, and then the suspension was extracted for fatty acid esters in 1 ml hexane thrice. At the end of the extraction, the supernatant was collected and mixed with equal amounts of double-distilled water, and then was stood for 5 min to separate into two layers. The clear supernatant solution was collected and dried under nitrogen. The dried extract was dissolved with 100 µl chloroform, and then 1 µl solution was injected into GC-MS (Agilent 6890-GC, 5973N-GC/MSD, Agilent Technologies, USA) containing an HP-5MS capillary column (0.25 mm×30 m, 0.25 μm) with the head pressure set to 60 kPa. The injector and the detector temperatures were both 240 °C; after injection, the column temperature was programmed at 3 °C/min from 150 to 180 °C, and then 5 °C/min from 180 to 240 °C (Lagerstedt et al., 2001 ).
Statistical analysis
All results are expressed as mean±standard deviation (SD). Statistic differences were considered significant at P<0.05 or P<0.01. Each treatment was carried out at least three times.
Results
Effect of LA on cell proliferation
Among the three cell lines studied, the results from MTT assay displayed a similar tendency: LA promoted cell proliferation at low concentrations (100-200 µmol/L), while higher concentrations (≥300 µmol/L) inhibited the cell proliferation (Fig. 1) .
It was noted that different cell lines showed different sensitivities to LA, depending on the type of cell line (Fig. 1 ). HUVEC were more resistant to the cytotoxic action of LA compared with the two colorectal cancer cell lines, as the apoptosis concentration of LA was beyond 400 µmol/L, though the proliferation at low concentrations (100-200 µmol/L) was not significant. Both LoVo and Rko cells could proliferate when exposed to 100 µmol/L LA, and there was a decrease in proliferation when exposed to 300 µmol/L of LA.
In addition, we studied the effect of preincubation of cells with 100 µmol/L LA for 24 h. Preincubation of HUVEC followed by further exposure to various doses of LA enhanced the sensitivity to LA.
Of the two colorectal cancer lines, LoVo, when pre-incubated with 100 µmol/L LA for 24 h and then treated with different doses of LA, showed significant resistance to the cytotoxic action of LA, even at 300 µmol/L or higher concentrations, while Rko showed increased sensitivity to the cytotoxic action of the additional LA, as did HUVEC. Based on the results described above, we chose 100 and 300 µmol/L LA treatments, and preincubation with 100 µmol/L LA followed by the treatments with 100 and 300 µmol/L LA, for further studies with colorectal cancer cell lines to evaluate the relationship between cell fatty acid composition and cell survival. For this study, HUVEC were taken as the normal control, which were also treated with LA in a similar fashion as was done for cancer cells.
Effects of LA on cell membrane permeability and membrane fluidity
Cell membrane permeability was tested to reflect the injury degree of the cell membrane, as indicated by PI corresponding permeability (Fig. 2a) . HUVEC and LoVo showed similar tendencies, as no treatment increased the cell uptake of PI compared with their CK, though a higher concentration of LA could induce cell death. Rko was more sensitive to the added LA with high concentrations, as higher concentration treatment would lead to cell membrane structural changes. We also noticed that pre-incubation would raise the fluorescence intensity of Rko, but not for HUVEC and LoVo. Additional LA can change the cell fatty acids composition, and then may lead to variance in membrane fluidity (Fig. 2b) . Membrane fluidity of all cell lines increased after treatment with LA, which suggests that the cell fatty acid composition changes mainly occurred in the cell membrane and the additional LA may be stored as phospholipids. The variance in membrane fluidity was equally reflected by the changes in membrane permeability.
Effect of LA on fatty acid composition of cells
We examined the fatty acid compositions of the three cell lines after six different treatments (Fig. 3) . The ratio of saturated fatty acids/unsaturated fatty acids (S/U) and the ratio of n-6 PUFAs/n-3 PUFAs (n-6/n-3) were calculated ( Table 1 ). The rate of change in n-6/n-3 (Δ n-6/n-3 : the ratio of (n-6/n-3) sample / (n-6/n-3) CK ) to cell viability, as indicated by the MTT result, was also performed to show the relationship between cell fatty acid composition and cell survival (Fig. 4) . S/U: the ratio of saturated fatty acids/unsaturated fatty acids; n-6/n-3: the ratio of n-6 PUFAs/n-3 PUFAs; Δ n-6/n-3 : the ratio of (n-6/n-3) sample /(n-6/n-3) CK ; CK: case-control with medium; NaOH: case-control with 0.1 mol/L NaOH. , and docosanoic acid (C22:0); Sum(n-9): percent of n-9 fatty acids in cell total fatty acids, including 9-hexadecenoic acid (C16:1), 9-octadecenoic acid (C18:1), and 9-eicosenoic acid (C20:1); Sum(n-6): percent of n-6 fatty acids in cell total fatty acids, including 9,12-octadecadienoic acid (C18:2), 5,8,11,14-eicosatetraenoic acid (C20:4), 11,14-eicosadienoic acid (C20:2), and 5,11,14,17-eicosatetraenoate (C22:4); Sum(n-3): percent of n-3 fatty acids in cell total fatty acids, including 11,14,17-linolenic acid (C18:3), 5,8,11,14,17-eicosapentaenoic acid (C20:5), and 4,7,10,13,16,19-docosahexaenoic acid (C22:6). CK: case-control with medium; NaOH: case-control with 0.1 mol/L NaOH. All the three cell lines showed a similar, if not identical, tendency to the treatment of LA. Compared with the control, at relatively low concentrations of LA (100-200 µmol/L), the percentage of total unsaturated fatty acids in the cells increased and simultaneously the ratio of n-6/n-3 was enhanced, while for the treatment with higher concentrations of LA (≥300 µmol/L), the ratio of S/U decreased. This could be attributed to the ability of the cell membrane to retain higher proportion of n-6 PUFAs. There is evidence that HUVEC pre-incubated with 100 µmol/L LA showed a lower percentage of n-6 PUFAs, though the composition was significantly different from the control, for which the ratio of n-6/n-3 increased and S/U decreased. Δ n-6/n-3 to cell viability was consistent with a linear relationship following different treatments, except that LoVo pre-culture with LA revealed that the pre-incubated cells could survive with a high concentration of LA, which may relate to the cell differentiation status.
Discussion
It is known that n-3 PUFAs and n-6 PUFAs follow similar metabolic pathways, leading to the formation of two arrays of eicosanoids that have opposite functions (Das, 2006a; 2006b; Funahashi et al., 2008) . PUFAs of n-3 series seem to possess anticancer actions and have been shown to inhibit cell proliferation and induce apoptosis, whereas the products of n-6 PUFAs are believed to enhance cancer cell proliferation (Larsson et al., 2004; Kelavkar et al., 2006a) . There is also evidence to suggest that the balance between n-6 to n-3 might influence cancer cell proliferation or apoptosis (Abumrad et al., 1998) . However, under normal physiological conditions, the percentage of n-3 PUFAs was much lower compared with n-6 PUFAs in the cells (Larsson et al., 2004) , which indicates that supplying additional n-3 fatty acids is easier to change the ratio of n-6/n-3 PUFAs in the cells than adding the same amounts of n-6 PUFAs to the cells. The results of the present study suggest that, as n-6 PUFA, LA could possess anti-cancer action in vitro with relatively less harmful action on normal cells by altering the n-6/n-3 balance in the cells and inducing colorectal cancer cell death.
There are two main pathways by which LA may affect the cells: (1) etherification into phospholipids to influence the membrane fluidity, and (2) providing energy for cell cycle, while a part of LAs would be transferred into 9/13-hydroxyoctadecadienoic acid (9/13-HODE) by the action of 15-lipoxygenase (15-LOX) enzyme, and become elongated and desaturated into long chain PUFAs by the action of elongases and desaturases (Kelavkar et al., 2006a; 2006b; Guo et al., 2006) .
An increase in cell membrane permeability would provide more chances for anti-cancer elements to pass though the cell membrane and maybe even intra-cellular membranes, such as the mitochondrial membrane (Rasmussen et al., 2010) . The detection of cell membrane permeability indicated that HUVEC and LoVo had similar tendencies with additional LA, though the membrane permeability of the low concentration treatment was much higher than that of the high concentration treatment within the same group. Meanwhile, Rko was more sensitive to the added LA at high concentrations in both LA normal treatment and LA pre-treatment groups. This may suggest that Fig. 4 n-3/n-6 balance with cell viability (a) HUVEC, LoVo, Rko: three cell lines were incubated with the medium without LA for 24 h before gradient LA treatment for 24 h, respectively; (b) HUVEC-p, LoVo-p, Rko-p: three cell lines were cultured with 100 µmol/L LA for 24 h before gradient LA treatment for 24 h, respectively HUVEC and LoVo can keep their cell membrane integrity, while Rko may lose membrane selectivity, which may also help in LA in-take, further enhancing cellular LA toxicity.
Membrane fluidity was related to the fatty acid composition as it changed with the ratio of S/U. Membrane fluidity of all three cell lines increased after treatment with LA, which suggests that the cell fatty acid composition changes mainly occurred in the cell membrane, and additional LA may be stored as phospholipids. The variance of membrane fluidity was similar to changes in membrane permeability. In preincubated groups, both HUVEC and Rko increased the sensitivity to the additional LA, while undifferentiated cell line LoVo showed a higher tolerance to LA, either at low or high concentration, with the permeability of the cell membrane remaining within a tolerable range, which suggests that LoVo may have different metabolic paths when exposed to LA.
To some extent, n-6/n-3 may reflect the cell accumulation of LA and the change of n-6/n-3 was calculated as Δ n-6/n-3 . The varied changes in the fatty acid compositions of all three different cell types treated with LA in the present study suggest that different responses to the additional LA of different cells may be related to the cell differentiation status, as undifferentiated cells LoVo may have the strongest survivability in response to the environmental LA concentration changes. The fatty acid composition changes occurred in differentiated cells Rko most obviously, then to a degree in undifferentiated cells LoVo, while normal cell line HUVEC could adjust the intracellular fatty acid ratio with less harm. LA can be transformed into n-9 monounsaturated fatty acid in LoVo, which suggests that LoVo can take in LA and reconstruct fatty acid composition to minimize the effect of additional LA. HUVEC and Rko lack this function. The analysis of cell viability to Δ n-6/n-3 also suggests that normal cells HUVEC can resist fatty acid composition changes, while the two colorectal cancer cells were more sensitivity. And with pre-incubation of LA, undifferentiated cell line LoVo could adjust the normal metabolic pathway to reduce the toxicity of added LA.
Conclusions
The results indicated that the three cell lines have varied ways to metabolize LA. For instance, Rko cells appear to be able to store LA in the cell membrane with an increase in membrane permeability and fluidity, while LoVo cells seem to desaturate and elongate the LA, which might be one of the reasons for the tolerance to the cytotoxic action of LA when they were pre-incubated with the fatty acids. The analysis of cell n-6/n-3 ratio to cell viability indicates that the ratio of n-6/n-3 was related to cell survival, either in normal treated or pre-cultured group, except for pre-cultured LoVo, which also suggests that LAinduced cell death is related to both the LA concentration and cell tumorous stage. The molecular mechanisms of LA metabolism, especially with different cell differentiated statuses, need further investigation, especially regarding whether n-6 fatty acids have an anti-tumor function.
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